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Introduction
The U.S. Geological Survey (USGS), in support of the Massachusetts Estuaries Project (MEP), delineated groundwater-contributing areas to various hydrologic receptors including ponds, streams, and coastal water bodies throughout southeastern Massachusetts, including portions of the Plymouth-Carver aquifer system and all of Cape Cod. These contributing areas were delineated over a 6-year period from 2003 through 2008 by using previously published regional USGS groundwater-flow models for the Plymouth-Carver region (Masterson and others, 2009) , the Sagamore (western) and Monomoy (eastern) flow lenses of Cape Cod (Walter and Whealan, 2005) , and lower Cape Cod (Masterson, 2004) . The original USGS groundwater-contributing areas were subsequently revised in some locations by the MEP to remove modeling artifacts or to make the contributing areas more consistent with site-specific hydrologic conditions without further USGS review. This report describes the process used to create the USGS groundwater-contributing areas and provides these model results in their original format in a single, publicly accessible publication.
Background
The coastal waters of southeastern Massachusetts have been degraded by excess nitrogen inputs associated with residential and commercial development in the groundwater-contributing areas that discharge to these waters. The excess nitrogen, originating mainly from anthropogenic sources such as wastewater and fertilizer, causes eutrophication, which results in fish kills, diminished shellfisheries, excessive algal growth, and loss of other marine habitat. Because coastal waters are important economic and recreational resources, protection and restoration of coastal waters are important environmental and economic goals for the region.
In response to concerns over degraded coastal water quality, the Massachusetts Department of Environmental Protection (MassDEP), in collaboration with the School for Marine Science and Technology (SMAST) at the University of Massachusetts-Dartmouth, established the MEP in 2001. The MEP collected data to evaluate water-quality conditions in coastal water bodies and developed models that link nitrogen loading in a watershed to coastal water quality. The MassDEP used the results of these studies to develop total maximum daily loads for a large number of estuaries and embayments and inform wastewater management and nutrient reduction efforts in southeastern Massachusetts.
Between 2003 and 2008, the USGS assisted MassDEP with the MEP investigations by delineating groundwatercontributing areas (also referred to by local stakeholders as groundwater watersheds) to ponds, streams, coastal water bodies, and production wells in the Plymouth-Carver region and on Cape Cod in southeastern Massachusetts ( fig. 1) .
The USGS provided simulated groundwater-contributing areas to the MEP during a 6-year period that were produced from four groundwater models that were documented in three separate reports. The Cape Cod groundwatercontributing areas were provided to the MEP from 2003 to 2004. The three Cape Cod models are documented in Walter and Whealan (2005) and Masterson (2004) . The PlymouthCarver region groundwater-contributing areas were provided to MEP in 2008; the model used for these delineations is documented in Masterson and others (2009) .
The groundwater-contributing areas that were delineated as part of these investigations are integral to the ongoing watershed-based permitting program being implemented by the MassDEP throughout southeastern Massachusetts. Groundwater-contributing areas were delineated for various hydrologic receptors that included coastal water bodies, ponds and streams upgradient of coastal water bodies, and production wells.
The original USGS groundwater-contributing areas were delineated with existing groundwater-flow models and subsequently revised in some locations by the MEP to remove modeling artifacts-such as portions of the elongated tail of a contributing area upgradient and separate from its main body, which may or may not contribute recharge to that particular receiving water body-or to make the watersheds more consistent with site-specific hydrologic features or streamflow data collected by SMAST. Because the original, unmodified groundwater-contributing areas were not previously published by USGS, individual geographic information system (GIS) shapefiles of the simulated groundwater-contributing areas and an ArcMap project to view the shapefiles are included in the companion data release (Carlson and others, 2017) to this report. Publication of these groundwater-contributing areas, and the methodology used to delineate them, will benefit stakeholders involved in ongoing wastewater management activities in southeastern Massachusetts.
Groundwater-Flow Models
The three-dimensional numerical models used to delineate groundwater-contributing areas to ponds, streams, coastal water bodies, and production wells ( fig. 1 ) for the PlymouthCarver region, the Sagamore (western) and Monomoy (eastern) flow lenses of Cape Cod, and lower Cape Cod are fully documented in Masterson and others (2009), Walter and Whealan (2005) , and Masterson (2004) , respectively. These models are based on the USGS finite-difference numerical code MODFLOW (Harbaugh and others, 2000; Harbaugh, 2005) . The USGS particle-tracking program MODPATH (Pollock, 1994) was used in conjunction with groundwater heads and flows calculated by MODFLOW to determine the initial locations of water particles that discharge to ponds, streams, coastal water bodies, and production wells for simulated steady-state conditions. The original documentation of each of the models provides detailed descriptions of the spatial discretization and layering of the models; hydrologic boundaries; hydraulic properties of the aquifers; hydrologic stresses; simulation of streams, ponds, and water use (withdrawals and wastewater return flows); calibration procedures; and model results and limitations.
Development of Groundwater-Contributing Areas
The concept of a contributing area, within which water enters the groundwater system at the water table as recharge, flows to a production well, and is removed from the aquifer as discharge ( fig. 2) , is well documented (Reilly and Pollock, 1993) . The same concept can be applied to any surface-water body, such as a pond, stream, or coastal water body that is connected hydraulically to the groundwater-flow system and receives groundwater discharge ( fig. 3) .
In a steady-state system, the amount of water that enters an aquifer through contributing areas at the water table equals the amount of groundwater that discharges from the aquifer to hydrologic receptors, such as production wells, gaining reaches of streams, coastal areas, or ponds. The contributing areas to these receptors typically are elongated in the direction of flow, and the area is proportional to the rate of groundwater discharge to the receptor. The size and shape of the contributing areas to a given receptor can vary on the basis of the position of the receptor relative to the groundwater divide (that is, the boundary between two groundwater-contributing areas represented by a high point in the water table). For receptors on Cape Cod, many of the divides are at the tops Groundwater-contributing areas to production wells, ponds, and coastal water bodies within the Popponesset Bay watershed (modified from Walter and others, 2004) . The coastal water bodies receive most of their freshwater from surface-water inflows. Groundwater recharged near the coast (point A, for example) flows through shallow parts of the aquifer and discharges directly to coastal water bodies. Water recharged in the central part of the watershed (point B) discharges into streams that flow to coastal water bodies. In the upper part of the watershed, recharged water flows through one or more ponds before discharging to streams (point C). Some water recharging the aquifer near the northern edge of the watershed (point D) underflows the ponds and streams and discharges directly to the coast. Production wells remove some water from the watershed (point E).
of groundwater mounds where groundwater flows radially outward toward the coast (for example, fig. 7 in Walter and Whealan, 2005) . Because there is a strong downward component of flow near divides, water that recharges near the center of a groundwater mound travels deeper through the aquifer system than water that recharges near the coast. Therefore, for a given receptor, the closer the contributing area at the water table is to the top of a groundwater divide, the greater the vertical flow captured by the receptor because of the threedimensional nature of the flow system. The recharge areas for ponds can be delineated in a manner similar to that for streams and coastal areas because the upgradient side of a pond acts as a groundwater discharge zone. Unlike the discharge into streams and coastal areas, however, water that discharges to a pond is not removed from the flow system but, instead, mixes within the pond and either passes through the downgradient side of the pond and reenters the aquifer or moves directly into outflowing streams. The water that reenters the aquifer is then available to move toward and discharge at production wells, streams, or coastal areas downgradient from the ponds.
Because water flows through ponds and reenters the aquifer, any production wells located downgradient from these ponds would receive some part of their total discharge from water that previously moved through ponds. For the purposes of this analysis, the contributing areas for wells are only the areas at the water table that directly contribute water to the wells; however, the influence of ponds on the source of water to production wells also should be considered (see Masterson and others [1998] for a detailed discussion of this concept).
The procedure used in this analysis to delineate groundwater-contributing areas was based on the methodology first documented in Barlow (1997) for delineating contributing areas for production wells on Cape Cod, which was subsequently used by Masterson and others (1998) , Masterson and Walter (2000) , and Walter and others (2004) for similar analyses. The analyses of Masterson and Walter (2000) and Walter and others (2004) also included the delineation of groundwater-contributing areas to other discharge locations, such as ponds, streams, and coastal water bodies.
The MODPATH particle-tracking model developed by Pollock (1994) , which uses the heads and intercell flow rates (the flow rate at the face of each cell in the model) calculated by the MODFLOW model, was used to determine water particle pathlines and groundwater velocities. Starting locations of particles must be specified to initiate a particle-tracking analysis. Particles may be tracked either forward (from the water table to a discharge location) or backward (from a discharge location to the water table), but forward tracking has proven to be more reliable for delineating groundwater-contributing areas (Barlow, 1997) . Detailed information on the use of particle tracking for the delineation of groundwater-contributing areas to discharge locations is provided in Masterson and others (1998) , Masterson and Walter (2000) , and Walter and others (2004) .
The steady-state groundwater models for the PlymouthCarver region, the Sagamore (western) and Monomoy (eastern) flow lenses of Cape Cod, and lower Cape Cod were used to track particles forward in the direction of groundwater flow from the water table to discharge locations. In the MODPATH simulations, a single instantaneous release was specified of a two-dimensional four-by-four array of particles that were placed at the top face in each grid cell (each model grid cell was 400 feet on each side) in the model, and endpoints were recorded for the particles that terminated in a specific zone. "Zone" is a term used by MODPATH that refers to a hydrologic receptor for which a groundwater-contributing area will be delineated. In this analysis, the receptors of interest include streams, ponds, coastal water bodies, and production wells.
Groundwater-Contributing Area Output
The process of delineating groundwater-contributing areas produced a total of 1,155 individual shapefiles for the Plymouth-Carver region and Cape Cod model areas (table 1) , which are included in Carlson and others (2017) . The three main hydrologic receptors for which groundwater-contributing areas were delineated were ponds, streams, and coastal water bodies (estuaries). Additionally, groundwater-contributing areas for production wells were delineated for 88 wells in the Sagamore (western) flow lens model. In this model, each well was assigned a unique zone identification number, which resulted in 88 separate groundwater-contributing area shapefiles, one for each well. However, in the Plymouth-Carver region and Monomoy (eastern) Cape Cod models, all of the wells in the respective model area were assigned the same zone identification number. This resulted in one shapefile containing the groundwater-contributing areas for all of the wells in the model area. For most of the receptors, the groundwatercontributing areas were subdivided into two separate traveltime zones that represented areas where the traveltime from the water table to a given receptor was less than or equal to 10 years (lt10) and where traveltime was greater than 10 years (gt10). This division produced two separate contributing area zones for each receptor that, when combined, represent the entire groundwater-contributing area to that receptor.
Groundwater-contributing areas for the Plymouth-Carver region were grouped into three separate subfolders, one each for the Agawam-Wareham River, Duxbury-Kingston Bay, and Ellisville Harbor watersheds, containing 125, 137, and 9 separate groundwater-contributing areas, respectively (table 1) . These groundwater-contributing areas were classified into two receptor types, "estuaries" and "ponds," both with "lt10" and "gt10" divisions, where "lt10" refers to areas where traveltime from the water table to the receptor was less than or equal to 10 years and "gt10" refers to areas where traveltime from the water table to the receptor exceeded 10 years. The "estuaries" type included stream, river, and estuary receptors. 1 Refers to associated directory structure for resulting shapefiles published in Carlson and others (2017) . Subfolder of shapefiles by receptor type contains: estuaries, ponds, and streams; if present, "gt10" refers to areas where traveltime from the water table to the receptor exceeded 10 years; if present, "lt10" refers to areas where traveltime from the water table to the receptor was less than or equal to 10 years; gt10 and lt10 areas when combined represent the entire groundwater-contributing area to the receptor. 2 e00, ArcInfo interchange file; coverage, ArcInfo coverage.
3 All combined.
Groundwater-contributing areas for the Cape Cod model areas were not grouped into subfolders by watershed (table  1) . There are a total of 379 contributing areas in the Sagamore model area, 316 in the Monomoy model area, and 99 in the lower Cape Cod model area. The Sagamore model had both lt10 and gt10 divisions for groundwater-contributing areas for estuaries and streams, whereas ponds within the Sagamore model were not subdivided into two separate traveltime portions. The Monomoy model had both lt10 and gt10 divisions for estuaries, streams, and ponds. Also, groundwater-contributing areas in the lower Cape Cod model were only delineated for estuaries and ponds, with lt10 and gt10 divisions applied only to the estuaries.
In the Plymouth-Carver region and Cape Cod model areas, 25 receptors have no associated groundwater-contributing areas and appear as shapefiles with empty attribute tables. These receptors as represented in the models receive little or no simulated groundwater discharge and, therefore, receive no discharging particles. Particles entering the water table adjacent to these receptors instead discharge into nearby larger receptors and are part of those simulated groundwatercontributing areas.
Appendix 1 provides an overview of the conversion process from the original electronic format files to the shapefiles in Carlson and others (2017) .
Limitations
Numerical models are useful tools for delineating groundwater-contributing areas in complex, three-dimensional flow systems such as in southeastern Massachusetts and Cape Cod. The groundwater-contributing areas described in this report, which were delineated by using the groundwater models for the Plymouth-Carver region (Masterson and others, 2009) , the Sagamore (western) and Monomoy (eastern) flow lenses of Cape Cod (Walter and Whealan, 2005) , and lower Cape Cod (Masterson, 2004) , are valid only for the specific water use and recharge conditions used in those analyses. If water use and recharge conditions change in the future, the groundwatercontributing areas to ponds, streams, coastal water bodies, and production wells in the Plymouth-Carver region and Cape Cod would need to be reevaluated. Groundwater-contributing areas also are subject to the limitations of simulating groundwater flow at the regional scales as detailed in the original modeldocumentation reports. 
